Objective: To determine the antimalarial activity of ethanol crude extracts from 20 Thai herbs against Plasmodium falciparum (P. falciparum) chloroquine-resistant strain TM267. Molecular docking of the active compounds from the selected Thai herbs were analyzed with Plasmodium falciparum dihydrofolate reductase (PfDHFR). Material and Method: An in vitro study of antimalarial activity against P. falciparum TM267 was done using a parasite lactate dehydrogenese assay, and the cytotoxic effects of extracts were tested against Vero cells using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay. The 50% inhibitory concentration (IC 50 ) and 50% cytotoxicity concentration were calculated from the dose-response curves. Molecular docking and post-docking were analyzed with the x-ray crystal structure of PfDHFR-thymidylate synthase complexed with pyrimethamine, nicotinamide adenine dinucleotide phosphate and deoxyuridylate. Results: Of these, the Plumbago indica L. root extract showed high antimalarial activity, with an IC 50 value of 3.7 μg/ml and less cytotoxicity when tested against Vero cells, followed by the Citrus hystrix DC. fruit extract, Vitex trifolia Linn. root extract, Ocimum sanctum L. leave extract, of Allium sativum L. bulb extract and Salacia chinensis L. stem extract, respectively. All 7 active compounds reported from these herbal extracts had high docking scores against PfDHFR. The Citrusoside C from Citrus hystrix DC. had the highest docking score. Conclusion: It could be purposed that there were active compounds in Plumbago indica L., Vitex trifolia Linn. and Citrus hystrix DC. which are potential inhibitors against malaria that could bind to the active site of PfDHFR. However, the active Citrusosides from Citrus hystrix DC. should be further investigated for their effectiveness against malaria.
Introduction
Malaria is one of the most common and important parasitic diseases. Nearly 500 million people suffer from malaria each year. Of these, 1-2% have complicated clinical symptoms of severe malaria. In Thailand, 15,446 malaria cases were reported in 2015. 1 Plasmodium falciparum (P. falciparum) is responsible for the most severe manifestation due to its virulence and the ability to resist most available anti-malarial drugs. 2 The resistance of P. falciparum to the commonly used antimalarial drugs, including the newly introduced artemisinin, has resulted in a resurgence in treatment failures. 3, 4 The dihydrofolate reductase (DHFR) domain of P. falciparum known as dihydrofolate reductase-thymidylate synthase (DHFR-TS), is one of the validated targets for antimalarial therapy. 5, 6 Molecular docking is one of the most frequently used methods in structure-based design of a new drug, as it can predict the binding conformation of an inhibitor when bound to the target molecule forming a stable complex. 7 Therefore, new highly effective and affordable antimalarial agents that target Plasmodium falciparum dihydrofolate reductase (PfDHFR) are urgently needed.
For centuries, local plants used in traditional medicine have been a good source for drug development. For example, quinine and artemisinin were derived from Cinchona pubescens Vahl (cinchona tree bark) and Artemisia annua (sweet wormwood), respectively 2 , and have been successfully used against resistant strains of malaria parasites. Antimalarial activities of many local Thai plants have been reported, for example the Siamese neem tree, green tea extracts, Garcinia mangostana Linn., Phyllanthus emblica, Annona squamosa, Centella asiatica and Ipomoea pes-caprae. [8] [9] [10] [11] The objective of this study was to determine the antimalarial activity against the P. falciparum strain TM267 of ethanol crude extracts from 20 local Thai herbs, 
Material and Method
Approval for this study was obtained from the Ethics Committee, Huachiew Chalermprakiet University, Samutprakarn, Thailand (EC No. อ.326/2558). All participants involved were informed of the objectives of study and signed consent forms.
Preparation of crude extracts
The twenty Thai herbs to be studied were purchased from a folk-medicinal store in Bangkok, Thailand. All herbs were botanically authenticated by Lecturer Benjawan Somboonsuk (Wat Pho Thai Traditional Medical School, Wat Phra Chetuphon Vimolmangklararm Rajwaramahaviharn, Thailand). These herbs were preserved at the Faculty of Science, Kasetsart University. To begin the extract preparation, five hundred milliliters of 95% ethanol were used to soak 100 g of plant materials separately at room temperature for 72 h. The supernatant fractions were filtered with 10 nm Whatman filter paper, and concentrated by a rotary evaporator at 50 °C until dry and kept at -20 ºC until use. The extract yield (%w/w) was determined for each extract by using the formula:
Yield (%)= weight of evaporated extract x100 weight of dried plants The crude extracts were dissolved in 100% dimethyl sulfoxide (DMSO) to a concentration of 250 mg/ml as a stock solution. The stock solution of artemisinin (the reference drug) was similarly prepared in sterile water. All stock solutions were stored at -20 °C until use.
Cultivation of P. falciparum
The P. falciparum chloroquine-resistant strain (TM267) was a generous gift from Professor Dr.Srisin Khusmith (Department of Immunology and Microbiology, Faculty of Tropical Medicine, Mahidol University). After we received it, the P. falciparum strain TM267 was continuously cultured according to standard methods 12 with some modifications in a gas mixture of 5% CO 2 , 1% O 2 in N 2 , in a medium composed of RPMI 1640, buffered with 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), gentamicin (2.5 μg/ml), sodium bicarbonate (25 mM) and supplemented with 1% Albumax II. The parasites were cultured in 3-5% haematocrit of blood group O cells collected from normal healthy donors. The parasite growth was monitored daily by examination of Giemsa-stained thin blood films until isolates reached the pigmented trophozoite stage. The parasite cultures were synchronized to the ring stage by treatment with 5% sorbital.
13
In vitro antimalarial activity using the pLDH assay The pLDH activity was used to measure parasite viability.
14 Briefly, one hundred and ninety-nine microliters of P. falciparum-infected erythrocyte suspension was prepared with 2% parasitemia and 2% haematocrit and seeded into each well of a test plate. Then, one microliter of the crude extracts was added into each well. The final concentrations of the crude extracts ranged from 0.002-2.5 mg/ml. The highest concentration of DMSO that the parasites were exposed to was 1%, which was shown to have no measurable effect on parasite viability. All conditions were performed in duplicate. Artemisinin (Sigma) and DMSO were used as the positive and negative controls, respectively. The tested plates were incubated in a CO 2 incubator at 37 ºC for 72 h. Then, the plates were frozen at -20 ºC for 30 min and thawed in a 37 ºC incubator for 30 min, and this was repeated three times to obtain complete hemolysis of the P. falciparum-infected erythrocytes. The pLDH activity from both the test samples and controls were evaluated. Briefly, one hundred microliters of Malstat reagent were added into each well in a new 96-well plate. Then 20 μl of each well from the tested plate were added followed by addition of 20 μl of nitroblue tetrazolium/phenazine ethosulphate (NBT/PES) solution. The plates were incubated in the dark for 1 h. The development of the blue color was measured at 620 nm using an enzyme-linked immunosorbent assay (ELISA) reader. The percentage of growth inhibition and the IC 50 values were calculated from the dose-response curves, using non-linear dose-response curve fitting analyses with GraphPad Prism 6.
Cytotoxicity activity on Vero cells using MTT assay
The cytotoxicity of extracts on host cells was determined against Vero cells using an MTT assay. 15 Vero cells were thawed and cultured in minimum essential medium (MEM) supplemented with 10% fetal bovine serum. Briefly, Vero cells (10 4 cells/ml, 100 μl/well) were seeded into 96-well flat-bottom tissue culture plates in complete medium. After 24 h of seeding, 100 μl of various concentrations of crude extracts or drug solutions were added into each well which was then incubated for 48 h in 5% CO 2 at 37 °C. DMSO was used as a negative control. All conditions were done in duplicate. After incubation, 
Molecular Docking of active compounds to PfDHFR
The molecular docking and post-docking analyses were assessed by GOLD 5.3.0.
16 The x-ray crystal structure of PfDHFR-TS complexed with pyrimethamine, NADPH, and dUMP was obtained from the Protein Data Bank (accession number 1J3J) with 2.3 Å resolution. For docking with GOLD, hydrogen atoms were added into the protein structure using the "protonation and tautomers" function in the configuration option of the Gold Setup window of the GOLD package. To prepare the ligands for docking into PfDHFR, the 3D coordinate files of 7 active compounds from Thai herbs (Citrus hystrix DC., Vitex trifolia Linn. and Plumbago indica L.) were taken from PubChem in MOL format. A total of 34 chemical structures were found and used in the computational docking procedure with PfDHFR. The automatic GA parameter setting was used in all of the GOLD docking calculations. One hundred percent search efficiency was applied, with a minimum of 10,000 and a maximum of 123,000 operations per ligand. The binding site was defined to include all amino acid residues within a 6 Å radii from the center of the pyrimethamine; all of the water molecules were removed. The Gold scoring function was applied in all the docking calculations. The protein-ligand interactions were analyzed and visualized by Discover Studio 2016. 17 
Results
Twenty ethanolic crude extracts from local Thai herbs belonging to several families were evaluated for their antimalarial activity. Of these, eleven were commonly used in Thai traditional medicine, and the other nine were commonly used for daily cooking. Scientific names, Thai local names, the used part(s) and the % extraction yield of the herbs are shown in Table 1 .
Preliminary screening of antimalarial activities was performed at the concentration of 2.5 mg/ml. Among the t ested herbs, the six ethanol extracts of Plumbago indica L., Citrus hystrix DC., Ocimum sanctum L., Salacia chinensis L., Allium sativum L., and Vitex trifolia Linn. had high antimalarial activities as shown by their high inhibition percentages (56.34%±3.29%; 54.79%±6.21%; 53.82%± 4.22%; 48.89%±1.13%; 47.83%±0.50%; 46.83%±4.15%, respectively) as shown in Figure 1 . For the positive control, artemisinin was tested against P. falciparum TM267, which had an IC 50 value of 4.2 μg/ml. These results became the basis for the next assay, which was designed to identify antimalarial activities using IC 50 as a parameter. For estimating the potential of a given extract to inhibit the parasite's growth without host toxicity, a selectivity index was calculated. The higher the selectivity index, the higher the selective antimalarial activity of the given extract. 18 The IC 50 value of the crude extract of Plumbago indica L. root indicated that it was the most potent of the tested herbs, greater than artemisinin and the crude extracts of Citrus hystrix DC fruit., Vitex trifolia Linn. root, Ocimum sanctum L. leave, Allium sativum L. bulb and Salacia chinensis L. stem. For the toxicity assay against Vero cells, only the ethanolic crude extracts Plumbago indica L. root had no cytotoxicity (SI>10). The other four extracts from the above list were less toxic based on their selectivity index (SI>3) and the extracts of Salacia chinensis L. stem could not identify by the MTT assay (Table 2) . Table 3 ). These compounds were tested for their activity against the PfDHFR using the molecular docking method. All of them had higher docking scores than pyrimethamine, a known inhibitor of PfDHFR. Plumbagin and vitex Trifolin B, the only identified active compounds from Plumbago indica L. and Vitex trifolia Linn, respectively, contained potential inhibitors against malaria that could bind to the active site of PfDHFR by using hydrogen bonds, π-interactions, and hydrophobic interactions (Figure 2A and Figure 2B ). Five active compounds have been reported from Citrus hystrix DC. Among these, Cutrussoside C showed the highest docking score, and all five compounds had scores higher than the compounds from other herbs ( Figure 2C ). Although Citrus hystrix DC. a lower SI, it would be interesting to further investigate the Cutrussosides compounds regarding their SI.
Discussion
The greatest antimalarial activity effect was obtained from the crude extract from Plumbago indica L. root (IC 50 = 3.7 μg/ml), and the same extract was the least toxic (SI=48.3). This is in accordance with previous results of Thiengsusul et al. (2013) who found that the ethanolic extract from of Plumbago indica L. had high potency in vitro antimalarial activity. 19 This activity was potentially due to the major constituent of the Plumbago indica L. root i.e., plumbagin (5-hydroxy-2-methyl-1,4-naphthoquinone), which has a wide range of pharmacological activities including antimalarial activity in vitro and in a mouse model with low toxicity. 20 In addition, plumbagin exhibited highly effective biological activities including anticancer, antibacterial, antifungal, anti-leishmania and anti-inflammatory effects. 21 The ethanolic crude extract of Citrus hystrix DC. fruit, Vitex trifolia Linn. root, Ocimum sanctum L. leave, Allium sativum L. bulb and Salacia chinensis L. stem had little to no antimalarial activity against P. falciparum (IC 50 ranging from 0.20-2.31 mg/ml). The difference in IC 50 values could be related to several factors such as the local environment and the period of collection, which can affect the major compounds in herbal extracts. 22 Ethanol is the most commonly used organic solvent for herbal medicinal extraction. 23 In phytochemical studies, the extraction methods are often different due to the type of extracting solvent used, which is generally related to its polarity. Additionally, the results depend on the sensitivity of the laboratory techniques that are used to assay malaria parasite growth, which is demonstrated by previous findings of e.g. different sensitivities from the hypoxanthine incorporation assay (using flow cytometry), the pLDH assay, the Sybr Green plate reader assay and light microscopy. 24 The active ingredients in these herbal medicinal extracts were searched through the PubChem database. Several active compounds could be purposed to inhibitory activity of PfDHFR, which is well-known as a target for antimalarial drugs. The Cutrussoside C from Citrus hystrix DC. had the highest docking score, which were presumably to be a potential as an active inhibitor against PfDHFR. Although the crude extract showed some level of toxicity to human cell lines, the active compounds from this herb should be further studied for their effect on malaria and human cell lines. 
